Objectives: Plasma vitamin C concentrations have been suggested to be related to pain modulation in postherpetic neuralgia (PHN), an intractable neuropathic pain syndrome. In this study, we first compared plasma concentrations of vitamin C between healthy volunteers and PHN patients and then designed a symptom-based and mechanism-based approach to assess the analgesic effect of intravenous vitamin C on spontaneous and brush-evoked pain.
P ostherpetic neuralgia (PHN) is a peripheral neuropathic pain syndrome, which occurs in approximately 9% to 13% in herpes zoster (HZ) patients, 1 with older patients (50 y or older) at a higher risk of development. 2 Various symptoms and signs are considered distinct characteristics of neuropathic pain. Certainly, patients with PHN may often have diverse symptoms and signs owing to several different pain mechanisms. On the basis of mechanisms, neuropathic pain exhibits stimulus-evoked pain and spontaneous pain, that is, stimulus independent.
3 Spontaneous pain can be either continuous (persistent) or intermittent (paroxysmal). Stimulus-evoked pain is commonly classified into mechanical, thermal, or chemical. Mechanical hyperalgesias are further classified as brush-evoked (dynamic), pressure-evoked (static), and punctate hyperalgesias. 3 Brush-evoked pain (allodynia, also called dynamic mechanical hyperalgesia) is the most common manifestation of stimulus-evoked pain in patients with PHN. 4, 5 The different mechanisms and distinct symptoms can converge in a single patient. Thus far, managing PHN is a clinical challenge owing to variability in individual symptoms, mechanisms, and treatment responses. Therefore, a symptom-based and mechanism-based approach of neuropathic pain, which allows selection of treatment on a more rational basis, has been advocated for clinical management. 5 Vitamin C is a major water-soluble antioxidant and a coenzyme. 6 A community-based case-control study reveals that lower vitamin C intake significantly increases HZ risk statistically among daily micronutrient intakes. 7 In patients with severe infectious disease, low plasma vitamin C concentrations have been identified. 8 Some PHN patients have been reported to achieve pain relief immediately after mega-doses of intravenous ascorbate. 9 Further, vitamin C reduces the prevalence of complex regional pain syndrome type I, a form of peripheral neuropathic pain syndrome. 10, 11 Particularly, ascorbic acid can facilitate b-endorphin secretion from rat hypothalamic neurons in culture. 12 These findings in the literature suggest that vitamin C is related to modulation of neuropathic pain.
In the present study, we first compared plasma concentrations of vitamin C in PHN with those of healthy volunteers. We then designed a symptom-based and mechanism-based approach to investigate whether patients with PHN might respond to the treatment with vitamin C supplementation. 9 Vitamin C (sodium ascorbate) is normally administered intravenously or orally. Because plasma concentrations of vitamin C are tightly controlled by tissue transport, absorption, and excretion, only intravenous administration of vitamin C produces rapid high plasma concentrations. 13 Therefore, we administrated vitamin C via intravenous route to examine the effect of systemically administered vitamin C on spontaneous pain and brushevoked pain in patients with PHN.
METHODS

Patients and Study Design
This investigation was approved by the Institutional Ethics Committee of Chi-Mei Foundation Hospital, Tainan, Taiwan. Informed consents were obtained from all patients and control volunteers. All patients were with permission to withdraw from the study at any time.
Study 1 (Cross-sectional Study) Patients and Control Participants
To explore the relationship between pain severity of PHN and concentration of plasma vitamin C, we recruited 38 PHN patients from the Pain Clinic of Chi-Mei Foundation Hospital, who had persistent pain lasting more than 3 months in the region of the cutaneous vesicular lesions from rash onset, in consistency with the distinction between acute and chronic pain in the International Association for the Study of Pain classification of chronic pain syndromes produced by Merskey and Bogduk in 1994. 2 Control participants were healthy volunteers from the relatives of outpatients or hospital employees. Those who regularly took or were taking antioxidant vitamin supplements right before entry or had an infection or an admission history during the last 3 months were excluded from the control participants of this study.
For each patient, the following information was recorded: age, sex, body height, body weight, duration of pain after healing of the skin rash, poor appetite, insomnia, psychologic distress, and physical disability at first visit to our Pain Clinic. Patients also filled out an 11-point numeric rating pain scale (NRS) (from 0 to 10, with 0 being no pain at all and 10 being the worst pain imaginable) 2, 14 for the intensity of average daily spontaneous pain and brushevoked pain elicited by lightly moving a cotton swab across the skin. 5 
Study 2 (Clinical Trial) Patients
To examine our hypothesis that vitamin C administration may help relieve the pain in PHN patients, we conducted a randomized, double-blinded, placebo-controlled intervention study on outpatients visiting our Pain Clinic. The trial was double-blinded, with the pharmacist being the only individual in possession of the allocation code during the trial. A block randomization (a block of 10 at a time by a random number table) was carried out by our hospital pharmacist. PHN patients who participated in this study received a number starting from number 1 to 41, successively, and the medication was formulated by the pharmacist in advance and was administrated by the nurse. All the patients, nurses, and physicians involved were not aware of the treatment allocation until the end of the trial. Diagnosis ruled out other polyneuropathies, such as patients with compression fracture, spondylolisthesis of the same levels, and diabetic polyneuropathy. We only recruited patients who were 18 years or older and who had PHN for at least 3 months and for a maximum of 2 years and had spontaneous pain rated at least score 4 on NRS.
Female patients who were nonpregnant and nonlactating were recruited. Patients were excluded if blood level of uric acid was higher than 7.0, as recommended by Berger et al. 15 During the study, patients were not allowed to receive specific treatments for the relief of PHN. A washout period of 1 week before the inclusion visit was required for the following medications: benzodiazepines, skeletal muscle relaxants, steroids, capsaicin, mexiletine, nonsteroidal antiinflammatory drugs, and anticonvulsants. Patients were permitted to take acetaminophen as rescue medication at a maximum daily dose of 3.0 g. Eligible patients were randomly assigned to 1 of the 2 parallel treatment groups that receive intravenous 500 mL normal saline infusion with or without colorless ascorbate (50 mg/kg body weight, maximum dose 2.5 g/d). All patients received 3 intravenous administrations, that is, on days 1, 3, and 5, with an infusion rate of 100 to 150 mL/h. Patients in both groups were requested to answer pain questionnaires that included (1) the intensity of average daily spontaneous pain on 11-point NRS from 0 to 10 (with 0 being no pain at all and 10 being the worst pain imaginable) before the intravenous administrations on days 1, 3, 5, and 7; (2) brush-evoked pain (allodynia) by mechanical stimulation with a cotton swab performed before the intravenous administrations on days 1, 3, 5, and 7 (allodynia was graded on 11-point NRS from 0 to 10); (3) a 7-point categorical scale of patient global impression of change 16 (PGIC) on spontaneous pain ( Fig. 1 ) on day 7; (4) a 7-point categorical scale of PGIC on brush-evoked pain on day 7; and (5) side effects. The primary efficacy measure 17 was the change in the average daily 11-point NRS on spontaneous pain and brush-evoked pain from baseline day 1 to the final day 7. Secondary efficacy measures 17 included a 7-point categorical scale of PGIC on spontaneous pain, brush-evoked pain, and side effects. ''Response to treatment'' is defined as a change of À 2.0 on NRS.
14,18
Safety Assessment
Safety parameters included the recording of adverse events at each visit from days 1 to 7 and complete physical examination on days 1 and 7. If a patient reported any discomfort during the vitamin C or placebo treatment, we 
Pain Evaluation
There are 4 popular methodologies for measuring pain severity: visual analog scales, NRSs, verbal rating scales, and the McGill Pain Questionnaire. Although pain evaluations with visual analog scales were generally used, visual analog scales could be difficult for elder patients to use. The risk of developing PHN after shingles is high after the age of 60 years.
1 This is close to our result that the mean age of patients with PHN is 64.4 with a median age of 67.5 years (Table 1) . In clinical trial, it is often important to be efficient and to minimize patient burden when collecting data. Dworkin et al 2 recommended the NRS to be used for assessment of pain severity in patients with PHN. Therefore, we chose the NRSs for assessment of pain severity in our study.
Specimen Collection, Handling, and Biochemical Determination
In Study 1, blood samples drawn from the patients and control participants into lithium heparin vacutainers after overnight fast were transported to the laboratory in a lightexcluding container and stored for no more than 6 hours at 41C before centrifugation. 19, 20 In Study 2, blood samples were taken for routine hematology and vitamin C measurement on days 1 and 7 after overnight fast. Separated plasma was stored frozen at À 801C. 20 The automated enzymatic method for analysis of total plasma vitamin C, which refers to the sum of ascorbic acid (C6H8O6) and L-dehydroascorbic acid, was carried out as described by Lee et al, 21 and provided by the Cobas Mira Plus Instrument (Roche Diagnostics, Montclair, NJ). 22 
Statistical Analyses
Data processing and data analysis were performed using SPSS for Windows, Version 10.0.7 (SPSS Inc, Chicago, IL). Significance was accepted at the 5% level. Owing to small sample sizes and lack of fitness to normal distribution for most measurements in this study, we described data as means ± SD and median, and we analyzed them using nonparametric statistics. MannWhitney U test was used to test the differences between 2 groups and to analyze mean changes from baseline days 1 to 7 in average daily pain intensity of spontaneous pain and that of brush-evoked pain in patients with PHN. Spearman r correlation test was used to correlate among age, duration of pain, plasma concentrations of vitamin C, NRS of spontaneous pain, and NRS of brush-evoked pain. Fisher exact test was used to analyze proportion of patients that responded by 30% and 50% on spontaneous pain between 2 groups, patients' PGIC between 2 groups, and 2 conditions in the same group.
RESULTS
Study 1
Between July 2001 and June 2003, 38 patients (25 men and 13 women) with PHN and 39 volunteers (26 men and 13 women) were included. There were no significant differences between volunteer healthy patients and patients with PHN in sex, age, body height, and body weight ( Table 1) . Table 1 shows that the plasma vitamin C concentrations were significantly lower in patients (4.6 ± 3.1 mg/L) than in controls (13.5 ± 6.0 mg/L) (P<0.001). This difference was independent of sex, age, duration of pain, and NRS of spontaneous pain or brush-evoked pain. Nonetheless, the intensity of spontaneous pain correlated with that of brush-evoked pain in patients with PHN (r = 0.481, P = 0.002) ( Table 2 ). On the other hand, there was a significant correlation of plasma vitamin C concentrations with NRS of spontaneous pain (r = À 0.387, P = 0.016) but not with that of brush-evoked pain (r = À 0.062, P = 0.712).
Plasma Vitamin C Concentrations in Healthy Controls and Patients With PHN
Complications Related to PHN
Before the beginning of Study 1, our PHN patients had poor appetite (65.8%), insomnia (68.4%), psychologic distress (84.2%) (eg, depression and anxiety), and physical disability (52.6%). These conditions, which have been reported by others, 23 are common complications of PHN.
Study 2
A summary profile of patients of Study 2 is presented in Figure 2 Statistical differences between the 2 groups are analyzed using Mann-Whitney U test. Duration of pain indicates duration of pain after healing of the herpes zoster skin rash; N, total number of patients; NRS, numeric rating pain scale; PHN, postherpetic neuralgia. 41 patients were enrolled, among whom 20 patients were randomized to placebo treatment and 21 patients to ascorbate administration. During the treatment, 1 patient from each group withdrew from the study, with a completion rate of 95.1% (39/41), because of lack of efficacy or of minimally worse pain. The data of these 2 patients were included and reported in this study. There were no significant differences between placebo-treated patients and ascorbate-treated patients in sex, age, body weight, body height, and the duration of pain and NRS of spontaneous pain and NRS of allodynia on day1 (Table 3) . The plasma concentrations of vitamin C in both groups on day 1 were low and not significantly different. However, ascorbate administration for 1 week markedly raised the plasma vitamin C concentration in the ascorbate-treated group from a mean value of 6.6 to a mean concentration of 12.8 mg/L, that is, essentially the same as that of healthy controls (a mean concentration of 13.5 mg/L, Table 1 ). When we adjusted the plasma vitamin C values by omitting those of the 2 patients that terminated the treatment (1 from each group), the concentrations of plasma vitamin C in both groups were only slightly affected and the difference between the 2 groups was still highly significant (P<0.001) ( Table 3 ).
Primary Efficacy: Changes of Average Daily NRS in Spontaneous Pain and Brush-evoked Pain on Day 7
As shown in Table 4 , the mean change of reducing NRS for spontaneous pain from baseline days 1 to 7 in the ascorbate-treated patients increased to (3.1 ± 1.6), which is significantly higher than that (0.85 ± 1.09) in the placebotreated patients (P<0.001). By contrast, the means of NRS for brush-evoked pain from baseline days 1 to 7 did not significantly change in either group (P = 0.192).
The treatment responder was defined as an individual whose NRS decreased Z2 in their pain from baseline (day 1) to the final day 7.
14 In the ascorbate group, 16 of 21 patients (76.2%) with spontaneous pain were responders, whereas only 4 of 21 (19.0%) patients with brush-evoked Statistical analysis between the 2 groups is analyzed using Spearman r correlation method.
NRS indicates numeric rating pain scale; PHN, postherpetic neuralgia.
pain were responders (P<0.001) (data not shown). As regards the placebo group, 6 of 20 (30%) patients with spontaneous pain were responders, yet, 2 of 20 (10%) patients with brush-evoked pain were responders (P = 0.235). Additionally, we also estimated proportion of patients that responded by 30% and 50% on spontaneous pain (Table 5) . Two results showed a consistent relationship between >30% reduction and the reduction of 2 points on spontaneous pain. This observation is similar to a previous study 14 as a reduction of 2 points on NRS is sufficient to confer the improvement on pain, regardless of baseline pain.
In the vitamin C group, 19 of 21 participants took acetaminophen, with a total dose of 2.0 ± 0.9 g on day 1. On day 7, 1 of the 2 patients who did not take acetaminophen turned out to be a responder and the other one a nonresponder. The toal acetaminophen doses were 0.8 ± 0.6 and 1.4 ± 1.5 g for the responders (18/21) and the nonresponders (3/21), respectively, on day 7. Intriguingly, the treatment responders took less rescue medication than those who did not respond to vitamin C.
The number needed to treat for >30% reduction in pain score was 1.96 (confidence interval: 1.3 to 4.0). Owing to relatively small patient number of our intervention study, more studies are needed to confirm our findings.
Secondary Efficacy: Changes of PGIC in Spontaneous Pain and Brush-evoked Pain on Day 7
On day 7, 61.9% patients in the ascorbate-treated group reported ''moderate to much improvement'' in PGIC of spontaneous pain, as compared with 10.0% patients in the placebo group (Table 6 ). The overall efficacy of PGIC in spontaneous pain on day 7 was significantly better in the ascorbate treatment than in the placebo treatment (P<0.001). Conversely, the overall efficacy of PGIC in brush-evoked pain was not significantly different between the ascorbate-treated group and the placebo group (P = 0.66) (data not shown).
Correlation Between Efficacy and the Initial Plasma Concentration of Vitamin C
Patients with a plasma vitamin C concentration higher than 10.0 mg/L (56.78 mmol/L) are classified as well nourished. 24 In ascorbate-treated group, among the 4 well-nourished patients, only 1 patient produced a positive response (much/moderate/minimal improvement) in spontaneous pain (Table 7) . By contrast, of the 17 notwell-nourished patients, 15 showed a positive response in Values (mean ± SD) between the 2 groups were analyzed using MannWhitney U test.
NRS indicates numeric rating pain scale; PHN, postherpetic neuralgia; N, total number of patients. (10) *The P value (determined using Fisher exact test) represents the overall significance level of reduction in pain from baseline on NRS between the 2 treatment groups.
wPercentage reduction in pain from baseline = 100% Â (baseline pain À final pain)/baseline pain. spontaneous pain (15/17 = 88.2%). There was a significant difference (P = 0.027) in the overall response rate between the 2 groups of patients, that is, the well-nourished group and the not-well-nourished group (Table 7) .
Adverse Events and the Safety of Infusion Solution
One patient in each group reported of minimally worse pain after the second intravenous infusion and did not receive the third infusion. Both of them completed all questionnaires and blood samplings on day 7. No other patients had any side effects, such as vasculitis or phlebitis.
DISCUSSION
In this study, we first observed that plasma vitamin C concentrations in patients with PHN were significantly lower than those in healthy controls. This may be owing to their original low plasma vitamin C concentration or owing to deterioration of the disease. A community-based casecontrol study reveals that those with low vitamin C intake are at a significantly higher risk for HZ7 that is caused by reactivation of varicella zoster virus. Vitamin C is the first line plasma antioxidant in the virus-specific cellular immunity, and low plasma vitamin C is found in various infections and in critically ill patients, possibly as a result of the disease processes by the rapid consumption of free radicals. 8 Indeed, plasma vitamin C concentrations are reported to be strongly associated with daily intake of vitamin C, but not significantly affected by age. 24 Another possible cause of low plasma vitamin C in our cases is poor appetite, of which 65.8% of our patients complained, which is common in PHN patients.
In Study 2, we administered relatively high doses of ascorbate to our patients to ensure high concentrations of vitamin C in the cerebrospinal fluid (CSF) because the homeostatic transport system for ascorbic acid through the blood-CSF barrier is unfavorable to low plasma vitamin C. 25 We found that administration of ascorbate 3 times in 1 week markedly raised the plasma ascorbate concentration from 6.6 to 12.8 mg/L, that is, essentially the same as that of healthy controls (13.5 ± 6.0 mg/L, Study 1). A slow but marked increase in the ascorbate level in CSF after intravenous infusion of ascorbate has been reported. 26 Here, we demonstrated that intravenous ascorbate administration resulted in a significantly greater mean change of average daily NRS in spontaneous pain from days 1 to 7 than the placebo administration (3.1 vs. 0.85, P<0.001). It has been reported that a change in NRS of À 2.0, which is equivalent to a reduction of 30% in the NRS, represents a clinically important difference.
14 By this standard, our placebo-controlled patients have no significant improvement in spontaneous pain, although the 3.1 change in the NRS of our ascorbate-treated patients represents a significant improvement (about 50% reduction in NRS) in spontaneous pain.
14 Moreover, the efficient primary efficacy in NRS was reconfirmed by the better secondary efficacy in PGIC on day 7 in the ascorbate group than in the placebo group for spontaneous pain. On the contrary, that intravenous ascorbate did not significantly affect brushevoked pain in PHN patients is consistent with our observation in Study 1. As a result, plasma vitamin C concentrations were significantly and inversely correlated with NRS of spontaneous pain but not with that of brushevoked pain in patients with PHN although the intensity of the 2 types of pain was significantly correlated. This finding is close to a previous study which demonstrated that intravenous magnesium therapy reduces spontaneous pain but not brush-evoked allodynia in patients with PHN. 27 Similarly, a 30-minute intravenous infusion of ketamine has shown to develop a differential effect on spontaneous pain and stimulus-dependent pain in patients with nerve injury pain. 28 This is not surprising because spontaneous pain and brush-evoked pain in individual patients involve different mechanisms. 3 PHN is one of intractable peripheral neuropathic pain whose mechanisms include disinhibition, 3 central sensitization, 3 reactive oxygen species (ROS), 29 and neuroinflammation. 30 Vitamin C can conceivably intervene in some of the above conditions by several possible mechanisms of action. One mechanism of peripheral neuropathic pain in spontaneous pain (stimulus-independent pain) is ''disinhibition'' that is mediated by the spinal descending inhibitory pathway. 3 Spinal monoamines (norepinephrine and serotonin) are involved in the descending inhibition of nociceptive transmission. 31 Noradrenergic fibers from brainstem terminate and release norepinephrine in the superficial dorsal horn to exert its antinociceptive actions. Ascorbic acid, a key cofactor of dopamine b-monooxygenase, is essential for norepinephrine biosynthesis. The conversion of dopamine to norepinephrine by dopamine b-monooxygenase is maximally efficient only in cells replete with external ascorbic acid. 6 Thus, to enhance the spinal descending inhibitory pathway is one of the possible mechanisms of vitamin C to reduce neuropathic pain. Besides, b-endorphin has been reported to elevate the threshold of chronic neuropathic pain in rats. 32 Ascorbic acid, by enhancing the adenylyl cyclase-cyclic adenosine monophosphate system, can augment the production and release of b-endorphin from neonatal rat hypothalamic neurons in culture in a time-related and dose-dependent manner, 12 and hence, may modulate neuropathic pain.
ROS contribute to the development and maintenance of neuropathic pain that can be relieved by systemic injection of an ROS scavenger in a dose-dependent manner in a rat model. 29 Thus, an ROS scavenger is suggested to be neuroprotective by scavenging excess ROS. 29 Indeed, vitamin C is an extracellular and intracellular antioxidant 33 but also the major antioxidant in CSF, and its effect is concentration dependent. 34 Nowadays, exaggerated inflammation 35 after tissue trauma and cumulative neuroinflammation of peripheral nerve system 36 in rats have also been shown to induce spontaneous pain. Not surprisingly, it has been advocated that it may be beneficial to supply and increase plasma concentrations of vitamin C for wrist fracture patients at risk for complex regional pain syndrome type I. 10, 11 Thus, patients with PHN may be highly susceptible to vitamin C deficiency, which may constitute a perpetuating factor for chronic neuropathic pain. Therefore, vitamin C may be a suitable adjuvant for inclusion in multidrug regimens to control spontaneous pain in patients with PHN.
In conclusion, we demonstrate that patients with PHN have lower plasma concentrations of vitamin C and that short-term intravenous administration of mega-dose vitamin C helps to relieve their spontaneous pain but not brush-evoked pain. The fact that intravenous ascorbate improves spontaneous pain but does not significantly affect brush-evoked pain in patients with PHN suggests that our findings are not a result of placebo effects. Because of the heterogeneous neuropathic features in PHN patients, a symptom-based and mechanism-based approach of neuropathic pain needs more consideration in tailored treatment and seems promising for clinical management of drug selections. 37 
